The urban wind environment is an important element of urban microclimates and plays an important role in the quality of the urban environment. The computational fluid dynamics (CFD) simulation method is an important means for urban wind field research. However, CFD simulation has high requirements for computer hardware and software. In this paper, based on geographic information system (GIS) technology, a new building data generalization method was developed to solve the problems of a huge amount of data and calculations in urban-scale CFD wind field simulations. Using Fluent software and high-precision urban building geographic information data with elevation attributes, the method was applied to Jinjiang City, Fujian Province, China. A CFD simulation of the wind field of Jinjiang City was implemented, and detailed, intuitive wind field information was obtained, which were compared with the measured data. The results show that the building data generalization method could effectively improve the efficiency of the city's overall wind field CFD simulation. The simulated wind speed was significantly correlated with the measured data, but it was overestimated. The simulated wind direction was consistent with the measured data of most stations. The simulation results were reasonable and could provide reference for application and subsequent research.
Introduction
With the development of the urbanization process, the scale of cities has developed rapidly. Urban construction has changed the natural geomorphologic conditions, and an urban microclimate that differs greatly from the natural climate has been formed [1] . The urban wind environment is an important element of the urban microclimate. Research on the wind field inside the city is an essential basis and premise for evaluating and improving the urban wind environment and plays an important role in improving the urban environment quality [2] . Three kinds of methods have been used in the urban wind field: Field tests, wind tunnel tests and computer numerical simulations. In the early 19th century, Luke Howard conducted an observational study of the urban heat island effect in London, which was the first study of the urban wind environment [3] . Since then, the study of meteorological elements such as temperature and wind in the city through mobile observation technology has been widely adopted in many countries [4] [5] [6] . However, it is difficult to control meteorological conditions and ground building conditions when using the field test method, and long-term observation of data
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Study Area
The research area Jinjiang City, Fujian Province, is located on the southeast coast of China, at 24°30′44″ N-24°54′21″ N and 118°24′56″ E-118°41′10″ E. The area is in a subtropical marine monsoon climate, and the dominant wind direction has obvious seasonal variation. The area of Jinjiang is approximately 722 square kilometers. The terrain here is quite flat, with three sides facing the sea and the Taiwan Strait in the east, with a coastline of 122 km. Jinjiang City is a booming city that aims to be highly livable. Evaluating Jinjiang City's urban wind environment and using the evaluation results to assist urban construction planning is of great practical significance to reduce the urban heat island effect and improve the city's livability.
According to the wind frequency information from national stations and regional automatic stations in Jinjiang from 2010 to 2014, the wind rose diagram for Jinjiang in January, April, July and October was obtained ( Figure 1 ). The typical monsoon climate of Jinjiang has different wind direction frequency distributions in different seasons. The northeast wind prevails in January, April and October, and the southwest wind prevails in July. The wind frequency of the northeast wind in January and October was significantly higher than that in April, indicating that the characteristics of the monsoon in autumn and winter are more noticeable than in spring. In general, the dominant wind direction of Jinjiang is northeast, and the subdominant wind direction is southwest. 
Data
Meteorological observation data: Meteorological observations from national stations in Jinjiang and its surrounding areas and some of the regional automatic stations in Jinjiang were used in this paper; mainly hourly wind speed data and wind direction instantaneous value data were used. The data came from the Jinjiang Meteorological Bureau.
Urban building geographic information data: Jinjiang City's building distribution data and building height data were processed according to a 1:500 topographic map data. The data mainly came from the Jinjiang Bureau of Land and Resources and the Jinjiang Bureau of Housing and Urban-Rural Development.
National fundamental geographic information data of China: The national fundamental geographic information data used in this paper included administrative boundary data and land use data from the National Geomatics Center of China.
Method and Simulation
Building Data Generalization Method
Unlike the research area of architectural design environment research or local community planning wind environment research, the study areas of overall urban wind field studies are mostly several hundred square kilometers. Therefore, the CFD wind field simulation on an urban scale faces the challenge of a large simulation area, a large number of urban buildings and complicated architectural model details. If the building data are directly used for modeling in the CFD simulation, the huge amount of geometric data will require excessive manpower, material and time, 
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Building Data Generalization Method
Unlike the research area of architectural design environment research or local community planning wind environment research, the study areas of overall urban wind field studies are mostly several hundred square kilometers. Therefore, the CFD wind field simulation on an urban scale faces the challenge of a large simulation area, a large number of urban buildings and complicated architectural model details. If the building data are directly used for modeling in the CFD simulation, the huge amount of geometric data will require excessive manpower, material and time, and the cost will exceed the reasonable range acceptable for practical applications. To simplify the model, to reduce the amount of data and calculation and to make it possible to simulate the wind environment of the whole city within reasonable time and hardware conditions, first, the urban building model would be generalized in this study.
Experiments have found that in the simulation of large-scale urban wind fields, low-rise buildings and buildings with too small an area have little impact on the wind field of the whole city [42] . The gaps in narrow alleys and blocks in the building are extremely low in ventilation and are generally not considered ventilation corridors. Therefore, such overly complex details can be ignored using a generalization method based on GIS technology. Thus, a method of building data generalization is developed to process urban building models to reduce the amount of data and calculations in urban-scale CFD wind field simulations (Figure 3 and the cost will exceed the reasonable range acceptable for practical applications. To simplify the model, to reduce the amount of data and calculation and to make it possible to simulate the wind environment of the whole city within reasonable time and hardware conditions, first, the urban building model would be generalized in this study.
Experiments have found that in the simulation of large-scale urban wind fields, low-rise buildings and buildings with too small an area have little impact on the wind field of the whole city [42] . The gaps in narrow alleys and blocks in the building are extremely low in ventilation and are generally not considered ventilation corridors. Therefore, such overly complex details can be ignored using a generalization method based on GIS technology. Thus, a method of building data generalization is developed to process urban building models to reduce the amount of data and calculations in urban-scale CFD wind field simulations (Figure 3 To generalize building data, a building with a height corresponding to the floor height was first selected into the dataset. The areas where the land use type was road, railway or rural road were selected, the road centerline was extracted and the abovementioned roads with a width greater than To generalize building data, a building with a height corresponding to the floor height was first selected into the dataset. The areas where the land use type was road, railway or rural road were selected, the road centerline was extracted and the abovementioned roads with a width greater than a given value were identified. Then, the road shape was simplified using the Douglas-Peucker algorithm [43] . The road area needs to be left blank to prevent street valleys between building groups Atmosphere 2019, 10, 326 6 of 22 from being ignored in subsequent operations. Similarly, land parcels where the land use type was cultivated land, forest land, water or unused land were selected; these parcels also need to be left blank. Then, the area that needs to be left blank was erased to obtain the potential building area in the city.
Then, the buildings were intersected with the potential building area in the city. The intersected building layers were organized and the buildings on the same parcel were merged into one geographic element. The minimum distance to be considered between the buildings was set, and buildings with building intervals less than this distance were merged within each parcel. Unnecessary small holes in the merged building model were removed so that the building elements with too small spacing were approximated into an entire building group. There were also a large number of node details and unimportant elements in the building group features. The vector data simplification method was used to simplify the boundary and to remove superfluous details of the building and sharp angles that did not correspond to the actual situation. The small elements with too small areas were also selected and deleted.
Building data of different heights were processed layer by layer to form the building group data of different building heights. The core codes and more description of the technical details for processing each layer were introduced in Appendix A. For non-tall buildings (under 15 floors), each layer of the generalized building data was obtained according to the method described above. Since the degree of influence of buildings of different heights on the urban wind field is different, the area threshold of the reserved building feature was adjusted with the change in the number of floors. For buildings with heights greater than a defined range, only the sidelines were simplified, and the small elements were removed instead of being merged using the generalization method described above. After obtaining the generalized building data of each floor, the data format and height attributes of the layers were sorted, and the data were merged and integrated to obtain generalized building data that could be used for modeling.
Simulation Models and Parameters
When building the geometric model, a program was written using the C# language and ArcGIS Engine secondary development components to feed GIS data into the CFD preprocessor more accurately and efficiently. The building information in GIS was written into script by the program, and then the script was run directly in the preprocessor GAMBIT to generate a 3D model. A 5000-meter area around the city was expanded to develop the flow field. Including all buildings and surrounding areas, the computational domain was 54.5 km long from north to south and 40.4 km wide from east to west (Figure 4 ). The height of the domain was 300 m, which was more than three times the height of the tallest building [44] . Buildings with more than two floors were considered when establishing the computational domain.
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When building the geometric model, a program was written using the C# language and ArcGIS Engine secondary development components to feed GIS data into the CFD preprocessor more accurately and efficiently. The building information in GIS was written into script by the program, and then the script was run directly in the preprocessor GAMBIT to generate a 3D model. A 5000-meter area around the city was expanded to develop the flow field. Including all buildings and surrounding areas, the computational domain was 54.5 km long from north to south and 40.4 km wide from east to west ( Figure 4 ). The height of the domain was 300 meters, which was more than three times the height of the tallest building [44] . Buildings with more than two floors were considered when establishing the computational domain. The boundary of the computational domain in this paper was a complex building model. Therefore, unstructured mesh was selected to divide the fluid domain. The mesh unit was a combination of tetrahedral and pyramidal. In the study, it was expected that the resolution of the area around the building characterized by large changes in wind field characteristics would be under 20 m, which made the resolution and the degree of building model generalization basically the same. For other components, the maximum mesh size could be set larger, so that the mesh was gradually enlarged between the region where the wind field characteristics changed greatly to the small-changed region, so that the number of meshes and the time to generate the mesh were reduced. To test the mesh dependence, we chose different mesh sizes for testing. Due to constraints of computer resources and time, testing over the entire study area was uneconomical and might not be possible due to the high number of meshes. Therefore, we selected a region of about 4 km × 4 km for testing. Three similar simulations, which only differed in the number of meshes (Case 1: 13.25 million, in which the maximum mesh size was 6 m in the building part and 80 m in the ground part; Case 2: 6.63 million, in which the maximum mesh size was 8 m in the building part and 100 m in the ground part and Case 3: 2.10 million, in which the maximum mesh size was 15 m in the building part and 150 m in the ground part) were conducted in this area. 300 random points were taken within 500 m from the buildings, and the difference in wind speed of 10 m height above the ground at these points was observed in the three simulation results ( Figure 5 ). The results show that the wind speeds of Case 1 and Case 2 at random points were very similar, and the difference between them was smaller than their respective with Case 3. The correlation coefficients between Case 1 and 2, and Case 2 and 3 were 0.803 and 0.603, respectively. Although there were some differences between Case 1 and Case 2, the correlation was relatively strong and the data results were also similar. Since the simulation results were intended to provide a reference for urban overall ventilation rather than to study the wind speed at a specific point and time, both mesh parameters in Case 1 and 2 were considered to be usable in the simulation. However, when the maximum mesh size was set as the same as Case 1, the quantity of meshes of the city's overall simulation was too much, and the resource used will exceed the computer limit. Therefore, the maximum mesh size of the building part and ground part was set to 8 m and 100 m, respectively. The boundary of the computational domain in this paper was a complex building model. Therefore, unstructured mesh was selected to divide the fluid domain. The mesh unit was a combination of tetrahedral and pyramidal. In the study, it was expected that the resolution of the area around the building characterized by large changes in wind field characteristics would be under 20 meters, which made the resolution and the degree of building model generalization basically the same. For other components, the maximum mesh size could be set larger, so that the mesh was gradually enlarged between the region where the wind field characteristics changed greatly to the small-changed region, so that the number of meshes and the time to generate the mesh were reduced. To test the mesh dependence, we chose different mesh sizes for testing. Due to constraints of computer resources and time, testing over the entire study area was uneconomical and might not be possible due to the high number of meshes. Therefore, we selected a region of about 4 km × 4 km for testing. Three similar simulations, which only differed in the number of meshes (Case 1: 13.25 million, in which the maximum mesh size was 6 m in the building part and 80 m in the ground part; Case 2: 6.63 million, in which the maximum mesh size was 8 m in the building part and 100 m in the ground part and Case 3: 2.10 million, in which the maximum mesh size was 15 m in the building part and 150 m in the ground part) were conducted in this area. 300 random points were taken within 500 meters from the buildings, and the difference in wind speed of 10 m height above the ground at these points was observed in the three simulation results ( Figure 5 ). The results show that the wind speeds of Case 1 and Case 2 at random points were very similar, and the difference between them was smaller than their respective with Case 3. The correlation coefficients between Case 1 and 2, and Case 2 and 3 were 0.803 and 0.603, respectively. Although there were some differences between Case 1 and Case 2, the correlation was relatively strong and the data results were also similar. Since the simulation results were intended to provide a reference for urban overall ventilation rather than to study the wind speed at a specific point and time, both mesh parameters in Case 1 and 2 were considered to be usable in the simulation. However, when the maximum mesh size was set as the same as Case 1, the quantity of meshes of the city's overall simulation was too much, and the resource used will exceed the computer limit. Therefore, the maximum mesh size of the building part and ground part was set to 8 m and 100 m, respectively. Through experiments, the computational efficiency and the degree of approximation geometry were considered together, and then the mesh parameters of each part of the model were determined as shown in Table 1 . Most of the meshes' Y+ was in the recommended range of 30 to 10,000 [45] [46] [47] , and some grids were not within this range due to the limited computer resources and the relatively large computational domain with a complex surface. In order to test the effect of the building data processing method on improving efficiency, considering that Y+ sometimes does not need to be strictly defined in practice, the meshes that were not in the range were retained to obtain the simulation results of the entire city. 
Zone
Maximum Mesh Size Through experiments, the computational efficiency and the degree of approximation geometry were considered together, and then the mesh parameters of each part of the model were determined as shown in Table 1 . Most of the meshes' Y+ was in the recommended range of 30 to 10,000 [45] [46] [47] , and some grids were not within this range due to the limited computer resources and the relatively large computational domain with a complex surface. In order to test the effect of the building data processing method on improving efficiency, considering that Y+ sometimes does not need to be strictly defined in practice, the meshes that were not in the range were retained to obtain the simulation results of the entire city. The boundary condition types were set in Fluent 15.0 as follows: The vertical boundary (outflow) was set to Pressure-outlet, the vertical boundary (inflow) was set to Velocity-inlet, the top of calculation domain was set to Symmetry and the building surface and ground was set to Wall. The Fluent UDF is written to apply a power law wind profile model to approximate the law of inlet wind speed as a function of altitude [48] , which is:
where z 0 is the standard reference height, which is taken as 10 m in cities with a roughness height of approximately 100 m, v 0 is the average wind speed at the standard reference height; z represents any height, v(z) represents the average wind speed at any height and α is the ground roughness index, where the rougher the terrain is, the stronger the effect of the surface on the airflow and the greater the α; here α = 0.3 [49] . Based on the actual wind environment in Jinjiang City, two typical wind fields were selected for simulation by analyzing the measured data of the meteorological station. The wind field of the dominant wind direction (NE) and the subdominant wind direction (SW) under the average wind speed of each wind direction was simulated. To simulate the average situation of the urban wind field, the value of the inlet wind speed was set based on the measured data. Using data from the regional automatic weather station on the beach outside Jinjiang City, the average wind speed of the typical wind direction (NE, SW) was calculated, and the wind speed was converted to a height of 10 m according to the power law wind profile model and the elevation of the stations. The data from the meteorological station on the northeastern beach of Jinjiang were used as the inlet wind speed of the dominant wind direction (NE) case. The average data of the weather station on the southwest beach of Jinjiang was used as the inlet wind speed of the subdominant wind direction (SW) case. The inflow wind speed and the direction of typical wind fields are shown in Table 2 . The solution was solved using ANSYS Fluent 15.0 with a finite volume method. The 2-equation k-ε model was selected for turbulence simulation, for it has been widely used in studies on urban wind environment [11, [50] [51] [52] [53] . A standard wall function was used, and the solution algorithm was the SIMPLE algorithm. The fluid medium parameter setting used a standard air setting scheme, which was regarded as an incompressible fluid, and the density was set to a constant 1.225 kg/m 3 and the viscosity to 1.7894 × 10 −5 kg/m −s [54] . This paper generated a steady-state low-speed wind field simulation. Due to the complexity of the geometric model, iterative convergence was judged when the continuous residual was stable under 10 −3 and the calculation result did not change for over 50 iterations.
Results and Evaluation
Building Data Generalization Results
In contrast to the original building map, the densely populated buildings were integrated into building groups, and some low-rise, scattered buildings were ignored. After generalization, a number of building elements at a close distance were merged into one whole building group, but the macroscopic distribution characteristics, such as the shape and orientation of the building group, remained unchanged. The original appearance of large-scale or high-rise buildings was preserved. The generalized building data shows that Chidian, Chendai, Qingyang and Meiling, located in the northeastern part of Jinjiang, were densely built areas, which was consistent with the characteristics of the original building data. In the generalized building group data, there was road space and the urban road ventilation network was clear. A comparison of building data before and after generalization is shown in Figure 6 . In contrast to the original building map, the densely populated buildings were integrated into building groups, and some low-rise, scattered buildings were ignored. After generalization, a number of building elements at a close distance were merged into one whole building group, but the macroscopic distribution characteristics, such as the shape and orientation of the building group, remained unchanged. The original appearance of large-scale or high-rise buildings was preserved. The generalized building data shows that Chidian, Chendai, Qingyang and Meiling, located in the northeastern part of Jinjiang, were densely built areas, which was consistent with the characteristics of the original building data. In the generalized building group data, there was road space and the urban road ventilation network was clear. A comparison of building data before and after generalization is shown in Figure 6 . From the perspective of quantity, there was a very large reduction in the quantity of low-rise buildings. As shown in Figure 7 , the number of single-storied buildings was reduced by three orders of magnitude, the number of buildings with two to seven floors had dropped by approximately two orders of magnitude, and the number of buildings with eight to fifteen floors had dropped by an order of magnitude. The number of buildings below three floors before the generalization was close to 10 × 10 5 , and no more than 3000 after generalization, and the number of buildings in this height range reduced the fastest. Since the buildings with sixteen and more floors were not combined by the distance threshold, their number was little reduced. Compared with the number of buildings before generalization, after generalization, the proportion of buildings at different heights remained basically the same, and the high-rise buildings were relatively prominent. From the perspective of quantity, there was a very large reduction in the quantity of low-rise buildings. As shown in Figure 7 , the number of single-storied buildings was reduced by three orders of magnitude, the number of buildings with two to seven floors had dropped by approximately two orders of magnitude, and the number of buildings with eight to fifteen floors had dropped by an order of magnitude. The number of buildings below three floors before the generalization was close to 10 × 10 5 , and no more than 3000 after generalization, and the number of buildings in this height range reduced the fastest. Since the buildings with sixteen and more floors were not combined by the distance threshold, their number was little reduced. Compared with the number of buildings before generalization, after generalization, the proportion of buildings at different heights remained basically the same, and the high-rise buildings were relatively prominent. From the perspective of computational efficiency, the computational efficiency was greatly improved after generalization. Without generalization, due to the limitations of computer hardware and software, the computing domain must be divided into multiple parts to operate separately. In this situation, the modeling and calculating time required to simulate a wind field of the whole city exceeded several weeks. After generalization, the model establishment and meshing work could be completed within a few days, the number of control volumes was 9.42 × 10 7 , and the solution calculation of a wind field situation could be completed within a day. The computer environment and time used for the simulation are shown in Table 3 . 
Simulation Results
To express the wind field characteristics at different heights and the 3D characteristics of the wind field, Ensight post-processing software was used for post-processing, and the outputs were the horizontal section wind speed diagram and the vertical section wind vector diagram. Figure 8 shows the simulated results for the wind speed of a typical wind field in Jinjiang City. The wind speed in Jinjiang at a height of 2 m was relatively low, and the wind speed value was concentrated at 0-1.5 m/s. The windward side of the building groups had a relatively high wind speed. In the case of the dominant wind direction (NE), a relatively high wind speed appeared near the northeastern edge of the building groups and the central blocks, while in the case of the subdominant wind direction (SW), a high wind speed mainly appeared on the southwest side of the building area. At the 10 m height, the wind speed in the whole area of Jinjiang increased, and in some areas, it reached more than 5 m/s. The relatively high wind speed appeared near the windward side of the building. In the case of the dominant wind direction (NE), the high wind speed appeared From the perspective of computational efficiency, the computational efficiency was greatly improved after generalization. Without generalization, due to the limitations of computer hardware and software, the computing domain must be divided into multiple parts to operate separately. In this situation, the modeling and calculating time required to simulate a wind field of the whole city exceeded several weeks. After generalization, the model establishment and meshing work could be completed within a few days, the number of control volumes was 9.42 × 10 7 , and the solution calculation of a wind field situation could be completed within a day. The computer environment and time used for the simulation are shown in Table 3 . 
To express the wind field characteristics at different heights and the 3D characteristics of the wind field, Ensight post-processing software was used for post-processing, and the outputs were the horizontal section wind speed diagram and the vertical section wind vector diagram. Figure 8 shows the simulated results for the wind speed of a typical wind field in Jinjiang City. The wind speed in Jinjiang at a height of 2 m was relatively low, and the wind speed value was concentrated at 0-1.5 m/s. The windward side of the building groups had a relatively high wind speed. In the case of the dominant wind direction (NE), a relatively high wind speed appeared near the northeastern edge of the building groups and the central blocks, while in the case of the subdominant wind direction (SW), a high wind speed mainly appeared on the southwest side of the building area. At the 10 m height, the wind speed in the whole area of Jinjiang increased, and in some areas, it reached more than 5 m/s. The relatively high wind speed appeared near the windward side of the building. In the case of the dominant wind direction (NE), the high wind speed appeared on the northeast side of the building, and the low wind speed appeared in the southwestern part of the city, as well as in the densely constructed central city area in the northeast. In the case of the subdominant wind direction (SW), the high wind speed appeared on the southwest side of the buildings. The wind speed at the windward side of buildings in the central and southern regions of the city was relatively high. After being occluded by dense buildings in the northeastern part of the city, an obvious low wind speed zone was formed on the leeward side of the building near the northeast beach.
Atmosphere 2019, 10, x FOR PEER REVIEW 11 of 22 on the northeast side of the building, and the low wind speed appeared in the southwestern part of the city, as well as in the densely constructed central city area in the northeast. In the case of the subdominant wind direction (SW), the high wind speed appeared on the southwest side of the buildings. The wind speed at the windward side of buildings in the central and southern regions of the city was relatively high. After being occluded by dense buildings in the northeastern part of the city, an obvious low wind speed zone was formed on the leeward side of the building near the northeast beach. Figure 9 shows the simulated wind speed and static pressure of the NE case in the partial enlargement area at 10 m height. From the partially enlarged view of the wind speed simulation map (Figure 9a ), it could be seen that the wind speed on the windward side of the building groups Figure 9 shows the simulated wind speed and static pressure of the NE case in the partial enlargement area at 10 m height. From the partially enlarged view of the wind speed simulation map (Figure 9a ), it could be seen that the wind speed on the windward side of the building groups was significantly greater than that in other areas. In the leeward direction of the buildings, a wind shadow area was formed. The larger the frontal area of the building, the larger the wind shadow area. The wind occlusion of the buildings was obvious. The inner enveloping area and the leeward side of the building groups had obvious low wind speed characteristics. However, in some areas, the building was generally less than 10 m high. Even if the number of buildings in this area was large, the wind speed at the height of 10 m was relatively high. At the top of the roads that followed the wind direction and their associated road intersections, the wind speed was higher than that of the adjacent buildings, and these roads acted as ventilation corridors. However, on some narrow curved roads, the increase in wind speed was not obvious, which also indicated that the corridor needs to be wide enough to promote urban ventilation. This phenomenon was consistent with the general rule that wind flowed around buildings. Figure 9b shows the simulated static pressure of the NE case in the partial enlargement area at 10 m height. The value of static pressure was expressed as the relative static pressure, i.e., the difference from the standard atmospheric pressure (1013.25 hPa). It can be seen from Figure 9b that the high value area of static pressure was mostly located on the east side and north side of the building groups and the above road, while the low value area was mostly located on the west side and south side of the building groups, especially the enclosed area. The static pressure was relatively uniform on the wide roads whose directions were similar with the dominant wind direction, and near the windward side and leeward side of the building groups usually appeared a relatively obvious wind pressure difference. The air flowed from one side of the building groups to the other due to the difference in wind pressure between the different areas around the building groups.
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Comparison of Simulated and Measured Data
In this paper, the typical wind fields under average wind speed were simulated, but due to the complexity and transient characteristics of wind, it was difficult to compare the multiyear average data with the simulation results. If there was a realistic wind field situation with an inlet wind speed and direction similar to the simulation settings, if the wind speed of each meteorological station had a significant correlation with the simulation results, and if the station wind direction was similar to the simulation result, the simulation result could be considered as a reference for practical applications.
In order to evaluate the reliability of typical wind field simulation results, when the inflow wind speed and direction in the simulation were similar to the measured data of a station located in an upwind suburb of the city, the correlation and difference between the measured data and simulation results inside the city were analyzed. The time for which to use the observation data that were used was selected according to the wind speed and direction of the windward direction of the city. Observations from Jinjiang national station and regional automatic stations were used to compare with the simulation results (Figure 2) . After field inspection, trees, air conditioners, etc., existed near some automatic stations, which made these local factors rather than urban architectural forms became the main influencing factors for the wind speed and direction of the stations. These sites were excluded from the comparison, as the simulations focused on the overall wind field of cities under the influence of buildings and without considering local factors such as vegetation. The regional automatic station F5603 was selected as the NE inlet flow wind approximation station, and the regional automatic station F5612 was the SW inlet flow wind approximation station. Typical wind fields under average wind speed were simulated in this paper. However, the multi-time average data of stations represented the average situation of multiple wind fields rather than a typical wind field. It was not appropriate to compare the simulation results with the multi-time average wind field. Therefore, a time was chosen for each typical wind field for comparison. The two stations' wind conditions were used to select the measured wind field at specific times. After 
In order to evaluate the reliability of typical wind field simulation results, when the inflow wind speed and direction in the simulation were similar to the measured data of a station located in an upwind suburb of the city, the correlation and difference between the measured data and simulation results inside the city were analyzed. The time for which to use the observation data that were used was selected according to the wind speed and direction of the windward direction of the city. Observations from Jinjiang national station and regional automatic stations were used to compare with the simulation results (Figure 2) . After field inspection, trees, air conditioners, etc., existed near some automatic stations, which made these local factors rather than urban architectural forms became the main influencing factors for the wind speed and direction of the stations. These sites were excluded from the comparison, as the simulations focused on the overall wind field of cities under the influence of buildings and without considering local factors such as vegetation. The regional automatic station F5603 was selected as the NE inlet flow wind approximation station, and the regional automatic station F5612 was the SW inlet flow wind approximation station. Typical wind fields under average wind speed were simulated in this paper. However, the multi-time average data of stations represented the average situation of multiple wind fields rather than a typical wind field. It was not appropriate to compare the simulation results with the multi-time average wind field. Therefore, a time was chosen for each typical wind field for comparison. The two stations' wind conditions were used to select the measured wind field at specific times. After screening, the wind field at 11:00 on 9 January 2014, was selected for comparison with the dominant wind direction (NE), and the wind field at 8:00 on 18 June 2011, was selected for comparison with the subdominant wind direction (SW).
The wind speed simulation result and the measured value of the wind field cases for the dominant and subdominant wind directions (NE and SW) were statistically analyzed. The correlation between the simulated and measured values was analyzed, and the Pearson correlation test result was obtained ( Table 4 ). The wind speed correlation coefficient of the NE case was 0.913, and the significance (p value) was 8.807 × 10 −5 , indicating that the simulated value and the measured value were significantly correlated on both sides at the 0.01 level in this case. The wind speed correlation coefficient of the SW case was 0.663, and the significance (p value) was 0.026, indicating that the simulated value and the measured value in this case were significantly correlated on both sides at the 0.05 level. In both typical wind fields, the simulation results had a significant correlation with the measured values, indicating that the simulation results had practical rationality. From the statistical results, the correlation between the simulated value and the measured value in the case of the dominant wind direction was higher than that in the case of the subdominant wind direction. A possible reason for this phenomenon is that the actual wind field close to the NE case mainly occurs in winter, spring and autumn, while the actual wind field close to the SW case mainly appears in summer. The weather in summer is changeable, and the air convection is relatively strong. Compared with winter, the wind is more local and transient in summer, and the actual inflow speed and direction are also more uneven. It is more difficult to simulate the typical wind field with uniform inflow. To quantitatively analyze the numerical difference between the simulated wind speed and the measured wind speed, the simulated and measured wind speeds of the dominant and subdominant wind direction (NE and SW) cases were analyzed by regression analysis (Figure 11 ). In both cases, the site simulation value and the measured value of the wind speed were basically linear. The coefficient of determination (R 2 ) of the NE case was 0.833, and the linear regression equation had a high reference value. The R 2 of the SW case was 0.440, and the linear regression equation had a reference value. In both cases, the wind speed simulation values were overestimated. The smaller the measured wind speed value was, the more obvious the overestimation phenomenon in the NE case, and whereas a greater measured wind speed led to more obvious overestimation in the SW case. Generally, there was a linear correlation between the simulated and measured values of wind speed in both cases. The results could be used as a reference, but the specific values still deviated and were generally overestimated. The wind speed simulation value of the NE case had a relatively good correlation, and the linear correlation between the simulated and measured value of the SW case was slightly weaker than that of the NE case. To analyze the difference between the simulation wind direction and the measured wind direction, the weather station simulation and measured wind direction of the dominant wind direction (NE) and the subdominant wind direction (SW) cases were compared. Figure 12 shows that in the NE case, the simulated wind direction had different amplitude deflections based on the inflow direction (NE). The simulated wind direction of most stations was very close to the measured wind direction, showing the NE, NNE or ENE direction. However, in individual stations such as regional automatic stations F5619 and F5616, the measured wind direction was quite different from that of the other stations. The simulated wind direction had a relatively low approximation of the measured wind direction at these stations. In the SW case, the simulated wind direction was generally SW, SSW or WSW, and it had different amplitude deflections based on the inflow direction (SW). The wind direction measured values were mostly in the vicinity of the SW wind direction values. However, compared with the NE case, the measured values of the wind direction of the WS case were quite varied, and wind directions such as NW and SE appeared. For some stations, such as regional automatic stations F5613 and F5614, the measured wind direction was quite different from that of the other stations, and the simulated wind direction result cannot be effectively approximated to match the measured wind direction. To analyze the difference between the simulation wind direction and the measured wind direction, the weather station simulation and measured wind direction of the dominant wind direction (NE) and the subdominant wind direction (SW) cases were compared. Figure 12 shows that in the NE case, the simulated wind direction had different amplitude deflections based on the inflow direction (NE). The simulated wind direction of most stations was very close to the measured wind direction, showing the NE, NNE or ENE direction. However, in individual stations such as regional automatic stations F5619 and F5616, the measured wind direction was quite different from that of the other stations. The simulated wind direction had a relatively low approximation of the measured wind direction at these stations. In the SW case, the simulated wind direction was generally SW, SSW or WSW, and it had different amplitude deflections based on the inflow direction (SW). The wind direction measured values were mostly in the vicinity of the SW wind direction values. However, compared with the NE case, the measured values of the wind direction of the WS case were quite varied, and wind directions such as NW and SE appeared. For some stations, such as regional automatic stations F5613 and F5614, the measured wind direction was quite different from that of the other stations, and the simulated wind direction result cannot be effectively approximated to match the measured wind direction.
A comprehensive comparison between the simulation results and the measured wind speed and wind direction shows that there was a significant correlation between the wind speed simulation values and the measured values. The simulated wind direction was consistent with the measured wind direction of most weather stations, except for the stations where the difference between the measured wind direction and the macro wind direction was relatively large. The simulated wind speeds of the two typical wind fields were overestimated. The correlation between the simulated wind speed and the measured values of the subdominant wind direction was weaker than that with the dominant wind direction. This indicates that both the simulated wind speed and the simulated wind direction could provide a reference, but further research is needed to fully address these problems. A comprehensive comparison between the simulation results and the measured wind speed and wind direction shows that there was a significant correlation between the wind speed simulation values and the measured values. The simulated wind direction was consistent with the measured wind direction of most weather stations, except for the stations where the difference between the measured wind direction and the macro wind direction was relatively large. The simulated wind speeds of the two typical wind fields were overestimated. The correlation between the simulated wind speed and the measured values of the subdominant wind direction was weaker than that with the dominant wind direction. This indicates that both the simulated wind speed and the simulated wind direction could provide a reference, but further research is needed to fully address these problems.
Discussion
In this paper, a new building data generalization method was developed. It was a new approach to achieve high efficiency simulations of the city's overall wind field. Using the method, an overall CFD simulation of the urban-scale wind field was realized. Additionally, the simulation speed was improved and the workload was reduced while retaining the original distribution of the buildings. The simulation results were detailed and intuitive.
In order to maximize the improvement of the computational efficiency in the study, the most computationally efficient models and algorithms were often used in the discretization and solution of CFD, and the standard of simulation fineness was relatively low. For example, temperature change and heat exchange was ignored; diurnal variation in wind speed and direction was not considered and the standard k-ε model was the only employed turbulence model. This approach was consistent with the goal of quickly understanding urban ventilation in a low-cost manner, but ignored many processes in the real world.
In reality, when the wind is slightly disturbed, it will produce large local differentiations. Additionally, local temperature and radiation also affect air flow. The simulation results, especially the simulated wind direction, still had some deviation from the measured values. Thus, in follow-up 
In reality, when the wind is slightly disturbed, it will produce large local differentiations. Additionally, local temperature and radiation also affect air flow. The simulation results, especially the simulated wind direction, still had some deviation from the measured values. Thus, in follow-up studies, we will try to apply more turbulence models and meshing methods under the premise of computational efficiency or use the measured data to further correct the simulation results by means of spatial interpolation so that the simulation results are more in line with the actual wind field. We will compare the calculation results and efficiency of different meshing methods and turbulence models. We will also consider temperature, solar radiation and diurnal variation of wind to simulate a more realistic urban environment. In subsequent applications, factors such as terrain and vegetation that affect the urban wind environment will also be considered to obtain simulation results that are more similar to the actual situation. We will also consider combining the CFD simulation using the building data generalization method with the mesoscale climate model simulation results to study the actual wind field at a specific time under the influence of high altitude air disturbance.
Conclusions
In this paper, based on GIS technology, a building data generalization method was developed to solve the problems of a large amount of data and calculation in urban-scale CFD wind field simulations. Using Fluent software, high-precision urban building geographic information data and elevation attribute data, the method was applied to Jinjiang City, Fujian Province, China, a city of approximately 722 square km. A CFD numerical simulation of the wind field of Jinjiang City was implemented, and detailed and intuitive wind field information was obtained. Then, the simulation results were compared with the measured data.
The research shows the following: (1) The generalization method of building data could reduce the geometric model data volume and improve the modeling efficiency without changing the macroscopic distribution characteristics of building groups. With the method, an overall CFD wind field simulation study at the urban scale could be realized. (2) In the simulation results of two typical wind fields, the simulated wind field near buildings predicted the phenomenon of rising and subsiding in flow circulation around buildings. Given the characteristics of the wind affected by the buildings, the simulation results had rationality. (3) The wind speed simulation results for the dominant (NE) and subdominant (SW) wind direction cases were significantly correlated with the measured values. The simulated wind speeds of the two cases were both overestimated, and the correlation between the simulated and measured wind speeds of the SW case was weaker than that of the NE case. The simulated wind direction was consistent with that found at most of the measured stations. The simulated wind direction of the NE case was more approximate to the measured wind direction than that of the SW case. Both the simulated wind speed and the simulated wind direction could provide a reference.
To summarize, urban-scale wind field numerical simulation using the CFD approach and urban building geographic information data is feasible in terms of cost and efficiency when using the building data generalization method based on GIS. The simulation results can directly reflect the 3D wind field information in the city and provide a reference for understanding the urban wind environment. The distance threshold is a length value with units. In this paper, the minimum distance between two separate buildings after generalization is set to 20 meters, that is, the distance threshold is 10 meters. The area threshold is a number whose unit follows the coordinate system of the shape file, which is square meters in this paper. Since the degree of buildings' influence on the wind field is related to the height of the buildings [55] , the minimum area of retained features decreases as the number of building floors increases. The area thresholds in this paper of data layers of different building floors are shown in Table A1 .
The distance threshold is a length value with units. In this paper, the minimum distance between two separate buildings after generalization is set to 20 m, that is, the distance threshold is 10 m. The area threshold is a number whose unit follows the coordinate system of the shape file, which is square meters in this paper. Since the degree of buildings' influence on the wind field is related to the height of the buildings [55] , the minimum area of retained features decreases as the number of building floors increases. The area thresholds in this paper of data layers of different building floors are shown in Table A1 .
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The following script can be applied for processing high-rise buildings (in this case, buildings above 15 floors):
The area threshold and extent threshold are numbers whose units follow the coordinate system of the shape file, which are square meters and meters, respectively, in this case. The area threshold and extent threshold here need to be adjusted according to the specific research area. In this paper, the minimum area of reserved buildings is set to 50 m 2 , and the minimum extent side length of buildings is set to 10 m. The changes to the high-rise building data are smaller in the generalization
The area threshold and extent threshold are numbers whose units follow the coordinate system of the shape file, which are square meters and meters, respectively, in this case. The area threshold and extent threshold here need to be adjusted according to the specific research area. In this paper, the minimum area of reserved buildings is set to 50 m 2 , and the minimum extent side length of buildings is set to 10 m. The changes to the high-rise building data are smaller in the generalization process compared to that of the non-tall building data. In the simplification of the high-rise building data, the primary purpose of setting the minimum area and minimum extent length is to simplify the redundant details of buildings rather than to ignore independent buildings that are too small, as tall buildings usually cover areas that are greater than the set threshold.
